The precautionary principle is an essential guideline in decision making, particularly for 2 regulating novel developments with unknown or insufficiently proven environmental impact. 3
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Introduction 27
The precautionary principle is an established guideline applied to environmental policy and 28 considered a fundamental tool for sustainable development (Cooney, 2004; Kriebel et al., 29 2001; Myers, 1993) . It is based on the idea of "better safe, than sorry", in more detail 30 described as "when an activity raises threats of harm to human health or the environment, 31 precautionary measures should be taken even if some cause and effect relationships are not 32 fully established scientifically" (Raffensperger & Tickner, 1999) . The precautionary principle 33 is usually applied when decision makers have an obligation to respond while there are 34 indications of a negative impact, which are expected to be serious or irreversible and when 35 there exists scientific uncertainty to the nature and severity of the threat (LILC, 2000; Prato, 36 2005) . As this often applies to new developments, which are in potential conflict with species 37 conservation, the precautionary principle has become a common element in environmental 38 impact assessments in relation to endangered species. Nevertheless, the precautionary 39 principle is often criticised for being not entirely "science based" (i.e. even though an activity 40 or development has not been shown to be harmful it might still be prohibited) and is therefore 41 accused to hinder progress or innovation (Kriebel et al., 2001 ; Sandin et al., 2002) . 42
The recent increase of wind energy use in Central Europe and the consequential necessity to 43 evaluate wind farm projects with regard to conservation targets provides a good example how 44 the precautionary principle is applied in the field of endangered species protection. There are 45 three main effects wind turbines may have on wildlife: firstly, increased mortality due to 46 collisions, secondly, habitat fragmentation or reduced population connectivity when animals 47 avoid passing through wind turbine areas, and thirdly, habitat loss due to construction works 48 and avoidance of the disturbed area. Both birds and bats are known to collide with wind 49 turbines causing increased adult mortality (Drewitt & Langston, 2008; Johnson et al., 2002 ; 50 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 2 the effects at population-level are unclear (Stewart et al., 2007) , increased adult mortality in 52 long lived, slow reproducing species can rapidly affect population numbers (Saether & most studies on this subject are case studies, making it difficult to draw general conclusions. 59
This lack of knowledge induces policy makers to apply the precautionary principle, which 60 usually results in defining buffer zones around sites with ascertained species presence, for 61 example nesting sites, where wind turbines are prohibited (Bright et al. 2008 ). The extent of 62 this buffer zone is often based on expert opinion (Bright et al. 2008 ) and is therefore highly 63 debated. Moreover, this approach is static and often based on data collected in a short time-64 window (e.g. a single breeding season), thus neglecting spatial and temporal fluctuations as 65 well as minimum required areas or functional connectivity at the population level. One may 66
argue that the lack of knowledge precludes a more complex approach. However, even if the 67 effect of wind turbines on a species is unknown, evidence-based information on species' 68 habitat selection and spatial requirements is often largely available or can be generated with 69 relatively low effort from existing data sources. We state that this knowledge should be 70 applied to determine prohibition zones for wind turbine development and advocate that the 71 precautionary principle is used to protect viable populations of species and not only 72 individuals. Here we provide an approach illustrating how a systematic combination of 73 available data and knowledge can be applied to minimize -within the framework of the 74 precautionary principle -the potential impact of wind power development on an endangered 75 species population, even though knowledge about the actual effects of wind turbines on the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 species is lacking. Using the example of capercaillie (Tetrao urogallus) in the Black Forest, 77
Germany, we identified areas of different functionality and importance with regard to 78 reproduction, metapopulation persistence and connectivity, which were combined with 79 population-related thresholds to define area categories with different levels of vulnerability 80 and consequential implications for wind power development. 81
Methods 82

Model species 83
Due to its specific habitat and extensive area requirements, and its high sensitivity to human 84 disturbance, the capercaillie is considered an indicator of undisturbed mountain forest 85 ecosystems rich in structural diversity (Cas & Adamic, 1998; Klaus et al., 1989; Simberloff, 86 1998; Storch, 1995) and an umbrella species for the underlying species community (Pakkala 87 et al., 2003; Suter et al., 2002) . The same attributes, along with a limited dispersal capacity, 88 renders the species highly vulnerable to habitat degradation and fragmentation. In Central 89
Europe capercaillie is listed in most national red data books and in Annex I of the EU Birds 90 Directive (EU Directive 79/409/EEC on the Conservation of Wild Birds, 1979), and its 91 presence was one of the main criteria for the designation of special protected areas (SPA) for 92 birds in the Natura 2000 network. However, the proportion of the capercaillie range that is 93 covered by protected areas is far from sufficient to support self-sustaining, viable populations 94 in most countries (Storch, 2007) . 95
As the Central European populations are mostly confined to mountain regions, with 96 distributions largely overlapping the areas suitable for wind energy development, capercaillie 97 became a focal species for impact regulations. However, although a wide array of knowledge 98 is available on behaviour and habitat requirements, it is still unclear how the species is 99 influenced by wind turbines. The main impact is expected from turbine construction and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 winter, one year after turbine construction (González & Ena, 2011) . As capercaillie is highly 105 sensitive to human presence (Thiel, 2007) , road construction in the forefront of wind-turbine 106 erection, followed by an increased human use of the area, is highly likely to reduce habitat 107 suitability (Thiel et al., 2008) . Moreover, being a prey species to raptors, the flickering 108 shadows elicited by the turbines blades may affect vigilance behaviour, a hypothesis that 109 requires further research (Lovich & Ennen, 2013 suggesting negative effects of wind turbines on capercaillie, it is impossible to draw general 114 conclusions at the population level. In case of the small and fragmented Central European 115 capercaillie populations however, any additional impact may affect long-term population 116 viability, which is why the precautionary principle is applied to handle conflicts between wind 117 turbine construction and capercaillie protection. 118
119
Study area 120
The study area encompassed the Black Forest (i.e. the ecoregions "Black Forest" and "Baar-121
Wutach", Aldinger et al. 1998), a forested mountain range of about 7 000 km² in south-122 western Germany. It was selected as it hosts the largest Central European capercaillie 123 population outside the Alps (Storch 2007 ) and, at the same time, is one of the Federal State's 124 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
Spatially explicit sources of information 139
To define the zones where wind turbine construction potentially interfere with the target of 140 capercaillie conservation, we developed a spatially explicit planning concept (in the following 141 referred to as "spatial concept") that aims at the preservation of a long-term viable capercaillie 142 metapopulation. It is, therefore, not targeted exclusively on areas of current species 143 occurrence and reproduction, but also includes -based on the spatial requirements of a viable 144 population -a network of habitat patches that, due to their size, quality and spatial 145 configuration, meet the species' demands as regards both habitat suitability and inter-patch 146 connectivity. For this, we combined three main sources of spatial information on (1) species 147 distribution, (2) habitat potential and (3) habitat connectivity obtained from species 148 monitoring and spatial modelling. As they have been already published elsewhere and a foresters, bird-watchers as well as data collected in research projects (Braunisch & Suchant, 158 2006) . Every five years, the minimum capercaillie distribution was at a scale of 1:25 000 159 based on all available data from the preceding 5-years period (Figure 1a ). Capercaillie patches 160 were defined as 'occupied' when at least three proofs (direct or indirect) with a maximum 161 distance of 1 km to each other had been recorded within the preceding five years' period. For 162 the delineation of a capercaillie patch the minimum polygon encompassing these observation 163 points was drawn, aligning the patch boundaries to lines evident on the ground (i.e., forest-164 field boundaries, trails, streams, etc.) with a deviation of 100 m from the minimum polygon 165 tolerated (for details see: (Braunisch & Suchant, 2006 
Habitat connectivity 186
To localise the "corridors" between the habitat patches that were most important for 187 maintaining metapopulation connectivity, we developed a model that detected species-188 specific dispersal patterns from population genetic structure (Braunisch et al., 2010) . Pairwise 189 relatedness (Lynch & Ritland, 1999) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 (c) Patch quality: The capercaillie meta-population in the study area amounts to 600 birds. 223
The area required by a capercaillie population of this size depends on habitat quality. 224
With an average proportion of 30 % suitable habitat, as determined for the capercaillie 225 habitats in the Black Forest, a minimum area of 60'000 ha is required (Suchant & 226 Braunisch, 2004 ). The area with habitat potential was thus classified into three quality 227 levels: The 60'000 ha with the highest potential formed level 1, the remaining area with 228 moderate and low potential was subdivided using equal habitat potential intervals and 229 attributed to the levels 2 and 3. 230 To avoid exclusion of wind power in areas irrelevant for capercaillie inhabitation, only 240 areas with habitat potential (level 1-3), within the 1 km radius was classed as first priority 241 (category 1). Second highest priority was given to areas occupied by capercaillie with 242 high or moderate habitat potential (category 2). These were followed by unoccupied areas 243 with moderate potential or occupied areas with low potential (category 3). The remaining 244 areas, which were neither occupied nor served as potential habitats with long-term 245 relevance (i.e. low or no habitat potential) were classed in category 4. 246 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Each location of the study area was thus assigned to one of the four categories. Whereas in 268 category 1-sites there is a high probability that negative effects of wind turbine construction 269 may interfere with both reproduction and population connectivity, a stepwise decreasing 270 conflict potential can be expected for sites of category 2 and 3. In category 2 current 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 distribution areas without ascertained reproduction as well as corridors of secondary 272 importance are concerned, while category 3 sites mainly encompass unoccupied, potential 273 habitats which, however, serve as a buffer zone around core habitats and allow population 274 fluctuations and recolonization processes in the metapopulation system (see Braunisch et al., 275 2007 ). In category 4 areas negative effects can largely be ruled out. Applying the 276 precautionary principle, we translated these categories into management recommendations: 277
Representing the core areas of the distribution, wind energy development should be banned 278 from category 1 sites. For sites of the categories 2 and 3 we recommended a mandatory, 279 detailed on-site assessment of the population situation at and around the foreseen turbine 280 locations before deciding whether the project should be declined or whether impacts could be 281 Existing guidelines for wind energy planning in Germany recommend a radius of 1km around 291 capercaillie reproduction sites from which wind energy development should be banned (LAG-292 VSW, 2007). We compared the areas under protection resulting from this approach with the 293 areas relevant for capercaillie (i.e. categories 1-3) as obtained by our spatial concept with 294 regards to both, areas irrelevant to capercaillie that would be protected as well as areas with 295 metapopoulation functionality that would not fail to receive a protection status. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
Prioritization of areas in relation to regulations for wind energy development 314
Within the study area 114'880 ha were identified as currently or potentially relevant for 315 capercaillie inhabitation (Figure 2 ), 48% (54'750ha) thereof were attributed to category 1, the 316 remaining 18% and 34% were classed as category 2 and 3 respectively (Table 1) . Of the area 317 currently inhabited by capercaillie 72% fell in category 1, 27% in category 2 and the 318 remaining 1% in category 3. In addition, areas relevant for connectivity (i.e. corridors and 319 embedded stepping-stone habitats) comprised 59'930 ha, with 34%, 39% and 27% thereof 320 falling in the categories 1, 2 and 3 respectively. On the corridors 62 "stepping stone" habitat 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 patches with an average size of 45 ha (SD: 27 ha) were identified. The remaining 542'750 ha 322 (76%) of the study area were attributed to category 4. 323
Assuming a predicted average annual windspeed of at least 5.25m/s at 100m above ground 324 level as threshold for profitability, 79'250 ha (11%) of the study area were potentially suitable 325 for wind energy development. Capercaillie conservation aspects had to be considered on 50% 326 of these areas, with 26% being allotted to category 1, 11% to category 2 and 13% to 327 extinction of the local capercaillie population) (threat dimension); (2) the mechanism and the 345 severity of the impact is unknown (uncertainty dimension) and (3) the decision makers, i.e. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 the local government, have the obligation to take measures (action dimension), as (4) the 347 target species is endangered and under international protection law (command dimension). 348
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Moreover, we provide a gradated evaluation of the relative importance of each site in the 423 study area which translates into different levels of restrictions for wind energy development. 424
This evaluation was based on three main criteria: current situation, long-term potential and 425 functionality: Whereas the current species distribution, and particularly the core areas of 426 reproduction are taken into account with high priority, high priority is also given to sites 427 where the prevailing climate, topography and land-use conditions support the natural 428 development of suitable habitat, i.e. sites which have a higher probability of being of long-429 term relevance to the population (Braunisch & Suchant, 2007) . With this approach we do not 430 only indirectly account for fluctuations in distribution area or reproduction sites, thereby 431 preventing a stepwise erosion of temporarily unoccupied but long-term species-relevant sites, 432
we also perform an "ecological cost-benefit assessment", as secondary habitats which are 433 prone to deteriorate without active habitat management are ranked lower -unless they are 434 crucial for reproduction or metapopulation connectivity. 435
436
The approach has some methodological challenges, though. While information on habitat 437 potential or corridor locations is based on spatial models evaluating landscape conditions, and 438 thus can be expected to remain valid unless substantial transformations of land-use patterns 439 occur, the information on current capercaillie distribution, mating and reproduction sites is 440 expected to fluctuate over time which calls for a periodical re-assessment. Moreover, since 441 this information is mainly based on voluntary data of ornithologists, hunters and forestry 442 personnel, a consistent data quality has to be secured in the monitoring framework. For 443 prioritization the spatial information was evaluated using target values based on population-444 related thresholds. These, however, were partly adopted from studies conducted in other 445 regions, which may challenge their transferability. Particularly, population viability analyses 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Approximately 500 birds are considered as an MVP of capercaillie (Grimm & Storch, 2000) , 454
which -under the prevailing habitat conditions -require a minimum area of 50'000 ha 455 (Suchant & Braunisch, 2004) . According to our concept 54'750 ha is classed as category 1, 456
i.e. a sufficient amount of habitat for an MVP is under strict protection from wind energy 457 development, supplemented by an additional protection of the primary corridors connecting 458 these habitats. The other sites, i.e. category 2 and 3 are mainly situated like buffer areas of 459 stepwise decreasing importance around the highly protected core areas, thus representing a 460 "safety zone" where wind energy is not generally banned, but has to undergo a thorough 461 evaluation process which includes the appraisal of the site-specific conditions in the field. 462
With this approach we assign highest priority (and restrictions) to sites where the plausibility 463 for threat is highest, the uncertainty as regards functional importance for the population is 464 lowest, and thus the justification for precautionary measures is strongest. This gradated 465 approach may also enhance the acceptance among planners, authorities and conservationists, 466
as it represents an attempt to avoid either error-minimization bias the precautionary principle 467 is often criticized for (Dorman, 2005) : i.e. either being too restrictive (thus minimizing the 468 type-2 error of wrongly rejecting the hypothesis that wind energy poses a threat) or being too 469 permissive in favor of turbine construction (by overemphasizing the minimization of the 470 corresponding type-1 error). 5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   20 higher risk of being rejected than those in category 3 sites, mainly encompassing un-occupied, 497 potential habitats or marginal parts of the distribution area where impacts are more likely to 498 be compensable. 499
Although our spatial concept is not legally binding, planners and authorities are currently 500 using it as official planning document. Thereby, the perceived plausibility played a major 501 role for accepting the precautionary concept: While we observed a consistent public 502 agreement for banning turbine construction from the core areas of reproduction, the advice 503 not to construct wind turbines on primary dispersal corridors elicited resistance. Although the 504 majority of corridor areas is per se not suitable for wind energy development (i.e. crossing 505 valleys or settlements where turbine construction is either not profitable or subjected to other 506 restrictions), and population connectivity has been proven to be crucial for metapopulation 507 persistence in the Black Forest , it is difficult to convince public, 508 planners and authorities that wind turbines should not be constructed in "stepping stone" 509 habitats where the species has not been sighted for many years and the habitat is of low 510 quality. To raise acceptance and promote adequate implementation, the concept was publicly 511 presented and an implementation guideline, as well as the digital map showing the different 512 categories, was made accessible on a website (www.windenergie.fva-bw.de). 513
Our concept refers only to one species though. Although capercaillie counts among the main 514 focal species in relation to wind energy development in Central European mountain forests, 515 and its key habitats largely overlap with those of other conservation relevant species 516 (Braunisch et al., 2013) , planners usually need to consider a wide range of potentially 517 vulnerable species. Developing similar concepts for species with complementary spatial and 518 functional requirements and integrating them into a single planning tool would facilitate an 519 adequate and timely consideration of conservation targets in the rapidly spreading 520 development. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 21 522
Conclusions 523
The precautionary principle is a vital element to decision making in the field of conservation 524 management, but public acceptance will strongly depend on the coherence of argumentation 525 underlining the plausibility of threat and the reasonability of the measures (Resnik, 2003) . We 526 thus strongly advocate including scientific knowledge when defining precautionary measures, 527
if not available on the threat itself, so on the object at risk. We illustrate this on the example 528 of capercaillie conservation versus wind farm construction. By systematically combining 529 information drawn from population monitoring and spatial modelling with ecological 530 thresholds we delineated zones representing the spatial and functional minimum requirements 531 of a viable population (category 1) plus a necessary safety interval (categories 2 and 3) with 532 different importance for preserving population persistence and connectivity and consequential 533 implications for wind energy development. From this exercise we draw the following general 534 recommendations for applying the precautionary principle in this field: 535
(1) Precautionary measures should focus on the relevant ecological unit, i.e. target viable 536 populations and not local occurrences or individual animals, 537
(2) they should consider population dynamics processes, e.g. fluctuations in occupancy as 538 well as population connectivity, instead of merely relying on a temporal snapshot of 539 occurrence data, 540 (3) they should be based on a differentiated risk appraisal, with the estimated probability 541 and severity of threat on the population resulting in gradated management implications 542 or restrictions, 543 (4) which, however, must ensure at least the minimum requirements of a viable 544 population until further knowledge is available. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   22 Since precautionary measures always represent as an interim solution, regular revisions 546 measures based on up-to-date knowledge will be crucial for promoting the precautionary 547 principle as a valuable and justified basis for weighing ecological risks in conservation and 548 landscape planning. 549 550
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Land use variables describe the availability and spatial distribution of existing land use features (forest, forest fragmentation, agricultural areas), including the distribution of possible sources of disturbance (settlements and linear infrastructures). A distinction was made between 'forest' in general, which grouped all available forest categories, and 'coniferous and mixed forest', which excluded purely deciduous forest.
As a measure of forest fragmentation, we calculated a 200-m wide forest-agricultural border zone, which included a 100-m buffer on either side of the forest edge. As intensive agriculture (arable fields, orchards and grassland) is very rare in the Black Forest and the map of 'intensive agriculture' would have neglected the minimum criteria for statistical normality, it was pooled with non-intensively used grassland and pastures.
[…] Two different maps were constructed for linear infrastructures. On the first map, depicting the fragmentation effect of roads, we pooled all road categories (e.g. main roads, county roads, rural roads) and railways. On the second map, highlighting the disturbance effect of roads, the different road categories were weighted according to average traffic density.
We prepared raster maps with a 30 x 30 m grid for all variables.
[…] To determine the spatial scale at which a variable performed best, we calculated the mean value for each variable within circular moving windows of 10, 100, 500 and 1,000 ha. These scales correspond to the size of an average forest stand (10 ha), the size of a small (100 ha) and large (500 ha) individual capercaillie home range, and to the average size of an occupied habitat patch in the study area (1,000 ha). As multinormality was required, all variables were normalised using the Box-Cox standardising algorithm (Box & Cox 1964, Sokal and Rohlf 1981) . Maps were prepared in ArcView (ESRI 1996) and converted to IDRISI.
Statistical methods
Modelling approach
Multivariate approaches to modelling habitat suitability or to predicting species presence (e.g., logistic regression) usually require presence-absence data. The ecological niche factor analysis (ENFA, , based on Hutchinson's (1957) concept of the ecological niche, compares the conditions of sites with proved species presence against the conditions of the whole study area, requiring only presence data. All predictor variables included in the model are transformed to an equal number of uncorrelated and standardised factors. The first factor explains the species' marginality (M = the difference between the average conditions within areas with species presence and those in the entire study area), which defines the location of the species' niche in relation to the range of available conditions. It also explains part of the specialisation (S = the difference between the standard deviation SD of the conditions where the species is present and the SD of conditions in the entire study area), which defines the niche breadth. The subsequent factors explain the rest of the specialisation.
Variable and scale selection
Initially an ENFA was performed including all variables at all spatial scales. Then we calculated a multi-scale model including all variables, each at the scale it performed best and compared this with four single-scale models, including all variables at the same scale (10, 100, 500, 1,000 ha).
To obtain a simple final model without losing too much information, we selected the best of the aforementioned models and reduced the initial set of variables using the following criteria: a variable was only included in the final model if it made a sufficient contribution to marginality or specialisation (> 0.2), if it showed the same algebraic sign in the coefficient value of the marginality factor (indicating avoidance or preference) at all spatial scales and if it was ecologically plausible. In addition, if bivariate correlation between any two remaining variables exceeded a threshold of 0.7, the variable with the lower contribution to specialisation and marginality was discarded.
Landscape model of 'habitat potential'
[…] We calculated an index to 'habitat potential' using the 'area-adjusted median algorithm with an extreme optimum' for the marginality part of the first factor […] ). The number of significant factors retained for the calculation of 'habitat potential' was chosen according to the broken-stick model (MacArthur 1960 . Indices of 'habitat potential' ranged from 0 (unsuitable for capercaillie) to 100, with low values representing suboptimal areas.
[…] For model evaluation we applied a 10-fold area-adjusted frequency cross validation (Fielding & Bell 1997) . The model quality was quantified using the continuous Boyce index ).
